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Abstract—Fiber Bragg grating (FBG) with a 962-nm Bragg
wavelength was fabricated in trans-4-stilbenemethanol doped
poly(methyl methacrylate) polymer optical fibers (POFs) using a
phase mask with 17% zeroth-order diffraction for the inscription
wavelength of 325 nm. The effect of zeroth-order diffraction of the
phase masks on FGB in POF was first examined by observing mi-
crographs of the gratings. A linear relationship between the fiber
axial strain and shift of the FBG was observed up to 6.5% tensile
strain with a strain sensitivity of 0.916 pm . However, this
shift was notably affected by the time-dependent stress relaxation
in the fiber, especially when the FBG was subject to a relatively
higher strain 2%.
Index Terms—Fiber Bragg grating (FBG), fiber grating fabrica-
tion, measurement of strain, polymer optical fiber (POF).
I. INTRODUCTION
F IBER Bragg gratings (FBGs) in silica-based optical fibershave been widely studied and applied in optical devices
like fiber filters, switches and lasers, measurement of stress and
strain, health-monitoring of composites and infrastructures, etc.
[1], [2]. However, silica-based optical fibers are limited by low
ductility. The low ductility hinders their applications for mea-
suring large deformations, while high modulus leads to rela-
tively low sensitivities in strain for sensing applications. FBGs
in polymer-based optical fibers offer a potential solution be-
cause optical polymer like poly(methyl methacrylate) (PMMA)
has a larger measurable strain range [3], [4].
The first FBG in polymer optical fiber (POF) was inscribed
in PMMA fibers with a PMMA copolymer core by the modified
phase mask technique to suppress the zeroth-order diffraction
of phase mask [5]. In order to enhance the photosensitivity and
reduce ultraviolet (UV) degradation, trans-4-stilbenemethanol
(trans-SBM) was used as an active dopant in PMMA optical
fibers and the photosensitivity of such fibers was systemati-
cally investigated. FBGs were written at 1550 nm from these
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Fig. 1. Schematic diagram of grating inscription system.
fibers by the phase mask technique [6], [7]. Since then FBGs
in micro-structured POFs doped with trans-SBM were reported
[8]. In the previous studies, the central Bragg wavelength of
the FBGs was all around 1550 nm, while at this wavelength,
doped PMMA or the PMMA copolymers have larger attenua-
tion than at lower wavelengths [9]. This is disadvantageous as
only a few centimeters of POF can be used in measurements.
For most practical applications, a longer length of POF is more
desirable. Hence, a polymer FBG at shorter Bragg wavelength
with lower material attenuation is preferred.
II. GRATING FABRICATION
The trans-SBM-doped photosensitive POFs for grating
inscription were fabricated by a two-step process or pre-
form drawing technique as previously reported [10]. The
core/cladding diameter ratio of the fiber is 8/130, which is
close to 8/125 of a single-mode silica optical fiber (SMF) to
guarantee good coupling between SMF and POF.
Polymer FBGs were fabricated by the phase mask technique
using a 325-nm He–Cd laser (Kimmon IK3802R-G). The total
laser output is 90 mW. The experiment setup is shown in Fig. 1.
The laser beam was focused, reflected, and irradiated onto the
side of the fiber through a phase mask, which is placed parallel
to the fiber without a gap between them. Themirror was fixed on
a motorized linear stage so that the laser beam could be scanned
along the length of the POF to obtain longer FBGs than the beam
width (1.48 mm). The reflection spectrum of FBG was moni-
tored during the inscription process by using a broadband light
source, optical spectrum analyzer [(OSA) Ando AQ6315A] and
a 1 2 3-dB coupler. The light was coupled into the POF from
a single-mode silica optical fiber by the butt coupling with as-
sistance of acrylic matching liquid .
A 10-mm-long FBG was written with phase mask (Bragg
Photonics, pitch nm) in a POF with a diameter of
180 m. The laser beam scanning speed was set to be 4 m s;
hence, the Bragg grating took about 15 min of scanning to
achieve its saturation. Reflection and transmission spectra were
captured by an OSA with 0.05-nm resolution. Typical spectra of
an FBG are shown in Fig. 2. Some side peaks appear at shorter
wavelengths, which may be caused by the multimode nature of
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Fig. 2. (a) Reflection spectrum of POF Bragg grating at 962 nm; (b) Transmis-
sion spectrum of POF Bragg grating at 962 nm.
Fig. 3. (a) Microscope picture of the 962-nm polymer FBG. (b) The initial
uniform grating structure of 1551-nm polymer FBG. (c) The nonuniform grating
structure of the 1551-nm polymer FBG.
the fiber working at 962 nm, because the fiber was designed
and fabricated as single mode at 1550 nm by optimizing the
refractive index difference between the core and cladding. The
current maximum reflectivity of POF grating achieved is 60%
at a Bragg wavelength of 1551 nm. The reflectivity of the
grating at 962 nm is approximately 20%. Further investigation
is under way for improvement. Moreover, the refractive index
modulation amplitude of the grating region can be estimated to
be by the following equations:
where is the reflectivity of the grating, is the length of the
grating, is the coupling coefficient, is the coupling coeffi-
cient, is the index modulation, and represents the frac-
tion of the integrated fundamental-mode intensity contained in
the core.
In addition, the internal structure of the grating was observed
by using an optical microscope with 100X objective oil lens, as
shown in Fig. 3(a). The measured grating period was 634 nm,
which was approximately equal to the phase mask pitch, not half
of it as initially expected. This can be explained from the effects
of the zeroth-order diffraction of the phase mask on polymer
Bragg gratings. The operating wavelength of the phase mask
used to inscribe 962-nm Bragg gratings was 248 nm, and its ze-
roth-order diffraction for 325 nm was measured to be as high
as 17%, with 26% 1st order and 25% 1st order diffraction.
In silica optical fibers, the FBG’s period is normally expected
Fig. 4. (a) Reflection spectrum of POF Bragg grating at 1551 nm. (b) Trans-
mission spectrum of POF Bragg grating at 1551 nm.
to be half of the pitch of the phase mask, when the zeroth-order
diffraction of the phase mask is lower than 5% [11], [12]. The
structure of polymer bulk material at micro- or nano-scales dif-
fers greatly from the silica because the nature of polymer chain
entanglement. Based on computational analysis of near filed
interference pattern and experimental studies of surface relief
grating fabricated by phase mask technology, Xiong et al., [13]
claimed that at the condition of considering first-order diffrac-
tion only, even a low zeroth-order diffraction (0.1%) makes the
grating interference fringe pattern become an nonuniform pe-
riodic structure. The stronger the zeroth-order diffraction, the
lower visibility of the grating fringe at the half of the phase mask
periodwould be. Upon this theorem, in our POF, the possible ex-
planation of the abnormal period of 962-nm grating fringe can
be given; thus, because the 17% zeroth-order diffraction was
high, it made the visibility of fringes at half period too low to
be observed from the microscope.
To validate our hypothesis, a second FBG with the central
wavelength at 1551 nm, shown in Fig. 4, was fabricated by using
a phase mask (Ibsen Photonics) of 1045.6-nm period, which is
designed for 325-nm laser.
The measured zeroth-order diffraction of this phase mask was
only 1% with 26% 1st order and 25% 1st order. This grating
was observed under an optic microscope. At the beginning, one
uniform grating pattern appeared, with a period of 1.045 m
which is the same as the phase mask period. When the micro-
scope focused deeper into the fiber, the other grating pattern
with the same period clearly came out [see Fig. 3(b), (c)]. The
second grating has a shift approximately half of the period of the
first one, which means the first and second grating can just form
a single nonuniform grating. This observation in POF made a
good agreement with the AFM results of the grating on the sur-
face of bulk PMMAmaterial reported by Xiong et al., so we can
confirm the zeroth-order diffraction effect of the phase mask ex-
ists in polymer FBGs and this effect is the principal causation
of the abnormal grating period we observed in 962-nm polymer
FBGs.
III. STRAIN MEASUREMENT
After the grating inscription, the strain responses of the
polymer FBGs were studied. The POF with Bragg grating was
glued to a silica optical fiber to form a device by using UV-cur-
able optical glue (Norland 76). The device was then fastened on
a motorized linear stage rig for strain test (as shown in Fig. 5).
Upon the test results, although Bragg wavelength shift is
quasi-linearly related to strain when the fiber stretched (Fig. 6),
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Fig. 5. Strain testing rig for POF Bragg grating.
Fig. 6. Bragg wavelength shift of a polymer FBG versus fiber strain.
Fig. 7. Time-dependent Bragg wavelength shift of polymer FBG.
it is also dependent on the strain history of the fiber (Fig. 7).
The sensitivity of the grating is 0.916 pm at 962 nm, which
is comparable to 1.15 pm at 1550 nm for silica FBGs. The
linear relationship extends to strain of 6.5%. To the author’s
knowledge, this strain range is the largest among the entire
POF-based Bragg grating devices and silica optical fiber-based
counterparts. This indicates that the 962-nm POF Bragg grating
device may be applied potentially as large strain sensors.
When the strain is larger than 2%, the viscoelasticity of the
polymer fiber becomes noticeable, and the Bragg wavelength
shift is obviously time-dependent. The shift did not reverse im-
mediately after the fiber was released from loading. For ex-
ample, it took several hours for the Bragg wavelength to shift
back after the fiber was stretched to 3.5% and released. A pos-
sible solution to this problem is to embed the FBG region into
an elastic material with a lower viscosity to form a device. For
practical applications, the device is normally mounted or em-
bedded properly into a structure, no matter if it is rigid or soft.
When a large strain is applied to the structure, the elongation of
the polymer fiber in the device should be limited to its elastic
region by the virtual of structural design. A good example is
a knitted fabric where the fiber strain is less than 0.5% while
the fabric is uni-directionally stretched over 50% [14]. The fiber
grating should follow the recovery of the elastic structure. This
will be further investigated in a separate paper.
A POF Bragg grating with 962-nm reflection wavelength was
fabricated using a 647-nm phase mask with 17% zeroth-order
diffraction for 325-nm laser. The effect of the zeroth-order
diffraction of the phase mask on polymer FBG was examined
by observing and analyzing the micrographs of the grating.
The strain responses of the polymer FBGs were investigated
by stretching the POF up to 6.5% and a maximum 60-nm
Bragg wavelength shift was observed. Viscoelasticity became
noticeable when the applied strain was larger than 2%.
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